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Abstract 
Polymer electrolyte-based unitized reversible fuel cells (URFCs) combine the 
functionality of a fuel cell and an electrolyzer in a single device. In a URFC, titanium 
(Ti)-felt is used as a gas diffusion layer (GDL) of the oxygen electrode, whereas typical 
carbon paper is used as a GDL of the hydrogen electrode. Different samples of Ti-felt 
with different structural properties (porosity and fiber diameter) and PTFE content 
were prepared for use as GDLs of the oxygen electrode, and the relation between the 
properties of the GDL and the fuel cell performance was examined for both fuel cell and 
electrolysis operation modes. Experimental results showed that the cell with a Ti-felt 
GDL of 80μm fiber diameter had the highest round-trip efficiency due to excellent fuel 
cell operation under relatively high-humidity conditions despite degradation in 
performance in the electrolysis mode.  
 
Key words: proton exchange membrane, unitized reversible fuel cell, gas diffusion layer, 
titanium felt, water management 
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Nomenclature 
i                     current density, A m-2  
F                     Faraday constant, 96,485 C mol-1 
s                     liquid saturation of gas diffusion layer 
Tcell                   cell temperature, K (°C) 
Tfuel                   fuel humidification temperature, K (°C) 
V                     voltage, V 
 
Greek symbols 
ε                     porosity 
ζ                     ratio of mean pore diameter and bubble point diameter 
η                     overpotential , V / efficiency   
φ                     fiber diameter, μm 
 
Subscripts 
act                    activation  
conc                   concentration  
ELY                   electrolysis  
FC                    fuel cell  
OCV                  open circuit voltage 
ohm                   ohmic 
RT                    round-trip  
tn                     thermo-neutral    
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Abbreviation  
BPD                  bubble point diameter  
CFP                  capillary flow porometry 
DMFC                direct methanol fuel cell 
FRA                   frequency response analyzer 
GDL                  gas diffusion layer  
MEA                  membrane electrode assembly 
MIP                   mercury intrusion porosimetry 
MPD                  mean pore diameter  
MPL                  microporous layer 
PEM                  proton exchange membrane 
PEMFC               proton exchange membrane fuel cell 
PTFE                 polytetrafluoroethylene 
URFC                 unitized reversible fuel cell   
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1. Introduction 
Polymer electrolyte-based unitized reversible fuel cells (URFCs) can operate as 
electrolyzers to split water into hydrogen and oxygen by using electric power. When fed 
hydrogen and oxygen or air, the same cell/stack set-up can operate as a fuel cell to 
supply electric power. In actual operation, URFCs can be reversed and switched so that 
they can act as both an electrolyzer and a fuel cell. Due to its low self-discharge, a URFC 
system that includes a hydrogen storage unit is attracting attention for its role in 
long-term energy storage and back-up power, and can thus replace a secondary battery 
in some applications [1-14].  
Figure 1 shows a set-up of a URFC with single-cell structure. This 
configuration of a URFC with a proton exchange membrane (PEM) is a commonly used 
“conventional” proton exchange membrane fuel cell (PEMFC), consisting of a membrane 
electrode assembly (MEA), gas diffusion layers (GDLs), and bipolar plates with flow 
channels. There are two major differences in the GDL conditions between the 
operations of PEMFC and URFC. The first difference is the hydration state of the GDLs. 
During fuel cell operation mode of a URFC, humidified gases humidify the membrane 
as they do in a PEMFC. However, excess liquid water in the GDL hinders gas transport, 
especially in the oxygen electrode (the cathode during fuel cell mode), thus inducing loss 
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in mass transport. Under typical PEMFC conditions, the estimated ratio of liquid water 
saturation in the GDL ranges from 0.1 to 0.3 [15], which is the same as that during fuel 
cell mode in a URFC. In contrast, during electrolysis mode in a URFC, the GDLs are 
actually fully saturated by liquid water and their two main roles are electric conduction 
between the electrode and the bipolar plates and efficient gas transport from the 
electrode to the flow channels. Thus, a pre-switching gas purge to dry the GDL is 
needed for smooth switching from electrolysis mode to fuel cell mode during actual 
operation of a URFC [16]. The second difference is the potential at the oxygen electrode. 
For a typical PEMFC, carbon paper or carbon cloth is used as the GDL at both sides of 
the electrodes. However, for the oxygen electrode of a URFC, carbon material is 
unsuitable for not only the electrode but also for the GDL, because the potential of the 
oxygen electrode during electrolysis mode is so cathodic that carbon material tends to 
corrode. Thus, for the GDL of the oxygen electrode, we use a titanium (Ti)-felt 
(nonwoven fabric) in which Ti fiber is bonded and sintered without adhesives. 
As mentioned before, the GDL of a conventional PEMFC plays a crucial role in 
water management within the cell, that is, to maintain an appropriate water balance 
between the conservation of membrane humidity and the discharge of produced water 
in the cell. A microporous layer (MPL) is commonly used in a PEMFC, and is usually 
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made of a mixture of fine carbon particles and a hydrophobic agent coated on one side of 
a conventional GDL such as a carbon paper. At a high current density, PEMFCs with an 
MPL generally exhibit better performance than those without an MPL [17-23]. 
Although there is an ongoing argument about the role of an MPL [24-31], the hypothesis 
based on experimental results presented by Gostick et al. [31] is the most convincing, 
that is, GDL saturation at water breakthrough is drastically reduced in the presence of 
an MPL, while leaving a path for gas transport. However, a typical MPL made of carbon 
cannot be used for the oxygen electrode of a URFC (i.e., the cathode during fuel cell 
mode), because the potential of the oxygen electrode during electrolysis mode is so 
cathodic that carbon material tends to corrode.  
Carbon paper is the most commonly used material for the GDL substrate of a 
PEMFC. Regardless if an MPL is added to the GDL, a hydrophobic agent such as PTFE 
is usually added to the GDL substrate to enhance the hydrophobicity of the GDL. 
However, when an MPL is added, the gas permeability of the MPL governs the electrode 
performance, and the PTFE content in the GDL substrate has no noticeable effect on 
fuel cell performance [18]. Although several studies [32,33] have focused on the effect of 
PTFE content in carbon paper without an MPL, the effect on fuel cell performance 
remains unclear. Gostick et al. [34,35] measured the saturation curve versus capillary 
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pressure using a carbon paper substrate with or without PTFE treatment. The 
experimental curves indicate that untreated substrates imbibe liquid water at 
relatively low capillary pressure rather than treated ones. On the other hand, because 
carbon paper is an “off-the-shelf” commercial product (Toray or SGL), the diameter of 
the carbon fibers and the porosity of the GDL cannot be customized or controlled by the 
user． 
In a PEM electrolyzer, stable electrical conductance and gas transport require 
a porous metal substrate as the GDL (current collector), such as sintered porous metal, 
expanded metal mesh, or metal felt. Grigoriev et al. [36] examined an optimum pore 
size of GDL from both experimental and modeling approaches from the view point of 
mass transport. They used a plate of sintered Ti-powder as the GDL of electrolyzer, and 
concluded the optimum pore size is 12-13μm. On the other hand, a similar phenomenon 
to the gas production during electrolysis is observed at the anode of a direct methanol 
fuel cell (DMFC) where carbon dioxide generated at the electrode diffuses through the 
GDL and flows into the channel flow of methanol. Several studies were focusing on the 
gas evolution and diffusion though a GDL in a DMFC [37-41]. However structural 
properties of a GDL cannot be changed arbitrarily, because carbon paper is also used as 
the GDL substrate at both electrodes in a DMFC. 
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Ioroi et al. [9] examined the relationship between the PTFE loading amount on 
Ti-felt and the URFC performance when Ti-felt is used as the GDL of a URFC. They 
reported that an optimal PTFE amount is needed for better performance during fuel cell 
mode, although the electrolysis performance degrades with increasing PTFE amount. 
However, in their experiments, the flow rate of supplied gas during fuel cell mode was 
constant and the stoichiometric ratio of gas was relatively high (5.6 at 500 mA/cm2 for 
oxygen). Song et al. [12] attempted using an MPL made of Ti particles with a carbon 
paper GDL in a URFC, but did not observe the expected improvement in fuel cell 
performance. 
As in a conventional PEMFC, the GDLs of a URFC are responsible for an 
optimum humidification state and liquid water distribution in the catalyst layer during 
both the fuel cell mode and electrolysis mode. Complete understanding of the relation 
between liquid water transport and Ti-felt GDL characteristics is necessary to improve 
URFC performance.  
The objective of our present work is to verify the influence of the properties of 
Ti-felt GDLs for liquid water and oxygen gas transport in the oxygen electrode of a 
URFC. First, different samples of Ti-felt with different structural properties (porosity 
and fiber diameter) and PTFE content were prepared for the GDL of the oxygen 
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electrode. Then, polarization curves were obtained based on URFC performance tests. 
Finally, based on the test results and overpotential analysis, the relation between 
URFC performance and water management ability of a Ti-felt GDL was verified. 
 
2. Experiments   
The design and configuration of the URFC with single-cell structure (Fig. 1) 
used here was the same as that for a PEMFC. The bipolar plate of the oxygen electrode 
side was Ti, and that of the hydrogen electrode side was carbon. Both bipolar plates had 
a parallel flow field that had 26 channels. The MEA used here was developed through 
collaboration between Takasago Thermal Engineering Co. and Daiki Ataka Engineering 
Co. The catalytic electrodes were hot pressed to both surfaces of the membrane. Nafion 
115 was used as the PEM. Iridium oxide (IrO2) and platinum (Pt) mixed-electrocatalyst 
was used for the oxygen electrode, and Pt catalyst for the hydrogen electrode. The MEA 
(with an active area of 27cm2) and the GDLs were placed between the flow fields of both 
bipolar plates (Fig. 1).  
Figure 2 shows micrographs of the carbon paper (Toray 090) and Ti-felt 
(Bekinit) used for the GDLs. Both substrates had similar structure of an unwoven fabric 
made of fine fibers. The carbon fibers were about 10μm in diameter. The fiber diameter 
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of this Ti-felt substrate was 20μm (Fig. 2), which is the minimum diameter that we 
could obtain, and about double that of the carbon paper. There is no adhesive in the 
Ti-felt substrate, while a certain amount of adhesive is included in the carbon paper 
substrate. Thus the pore diameter of the Ti-felt was larger than that of the carbon paper. 
Various Ti-felt GDLs with different properties and PTFE content (Table I) were 
prepared for the oxygen electrode for the URFC performance tests. The thickness of 
either of the Ti-felt or carbon paper substrate was approximately 300μm. In all 
experiments in this work, the carbon paper GDL (Toray 090) treated with 10 wt.% 
PTFE emulsion was used for the hydrogen electrode side. In the U2, U3, and F2 cells, 
PTFE was loaded on the GDL substrate as follows. After each GDL substrate was 
dipped in a given PTFE emulsion (D-210C, Daikin), first it was dried at 120°C for 1 
hour to evaporate the remaining solvent, and then sintered at 360°C in the vacuum 
condition for 1 hour to uniformly distribute the PTFE in the substrate. Figure 3 shows 
the amount of loaded PTFE on the substrate as a function of PTFE concentration in the 
emulsion. The PTFE content in the GDL can be controlled by adjusting the PTFE 
concentration in the emulsion, and is approximately the same in both the carbon paper 
and Ti-felt substrates, based on external geometry. The weight ratio of PTFE on the 
carbon paper GDL treated with 10 wt.% of emulsion was 14.3 wt.%. In this study, the 
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U1 cell in Table I was considered the standard cell in which the Ti-felt GDL in the 
oxygen side had a fiber diameter (φ) of 20μm and a porosity (ε) of 0.75 without PTFE 
loading. The Ti-felt GDL of the U2 and U3 cells had the same properties (φ and ε) as the 
U1 cell but were treated with different PTFE concentrations in the emulsion, namely, 
10 and 20 wt.%, respectively. The Ti-felt GDL in the oxygen electrode side of the U4 and 
U5 cells had the same ε as in the U1 cell but had different φ, namely, 40μm and 80μm, 
respectively, without PTFE loading. The Ti-felt GDL in the U6 cell had the same fiber 
diameter as in the U1 cell but had different porosity, 0.50. The F1 and F2 cells with the 
carbon paper GDL in the oxygen electrode side were used for comparison with the 
Ti-felt GDL. The carbon paper GDL of F2 was treated with 10 wt.% PTFE emulsion, 
whereas that of F1 was not treated with PTFE. 
The gas and liquid supply lines for the fuel cell mode and electrolysis mode of 
the URFC were separate, but were connected at the inlet and outlet of the cell at both 
sides of the electrodes via switching valves. Table II lists the operating conditions of the 
URFC during the two modes.  
Fuel cell performance tests were performed using a station specifically 
equipped for the fuel cell mode (PEMTEST8900, Toyo), namely, with a temperature 
controller for the cell and a gas supply unit with mass flow meters and humidifiers. The 
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cell temperature was kept constant by electric heaters on both cover-plates controlled 
by the station during both the fuel cell and electrolysis modes. Air was used as an 
oxidant during the fuel cell mode. The stoichiometric ratio of the supplied pure 
hydrogen and oxygen in the air was kept at 1.43 and 2.50, respectively, and the 
humidification temperatures of both were changed arbitrarily but were always the same 
for a given test. The fluid pressure in the cell was kept at atmospheric pressure during 
both operation modes. The temperatures of the supply lines were controlled by ribbon 
heaters via temperature controllers to avoid condensation of humidified gas before 
entering the cell. The electric load (890CL, Scribner) was controlled by the station and 
used in measuring the current-voltage (i-V) characteristics of the fuel cell. The AC 
impedance of the cell was measured using a frequency response analyzer (FRA) (1255B, 
Solartron) and the load.  
In the electrolysis mode, water was circulated by using an accumulator, pump, 
preheating tank, flow meter, and flow control valve. De-ionized liquid water supplied to 
the cell was heated to the same temperature as the cell by a preheating tank. 
Theoretically, water must be supplied only to the oxygen electrode side, because water 
molecules move to the hydrogen electrode with protons during electrolysis. In our 
experiments, however, water was circulated at a flow rate of 50ml/min at both sides of 
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the electrodes to prevent membrane burn-out caused by lack of water. Two-phase flow of 
gas and liquid was released from the exit of the cell at both electrodes, and the produced 
gas (H2 and O2) was separated from liquid water at the respective accumulators. DC 
power for the electrolysis was supplied and controlled by a power supply (PAN16, 
Kikusui). Cell voltage was measured at each current and the flow rate of the generated 
hydrogen was measured using a soap-film flow meter (SF-1U, Horiba) before the 
hydrogen was vented. 
Capillary flow porometry (CFP) and mercury intrusion porosimetry (MIP) were 
applied to evaluate the properties of GDL substrate. The bubble point diameter (BPD) 
and the mean pore diameter (MPD) of each GDL substrate (Ti-felt and carbon paper) 
were measured by a CFP instrument (PSM165, Yuasa-Ionics) using the bubble point 
technique [40, 41]. BPD is calculated by “bubble point” pressure which is required to 
blow the first continuous bubbles detectable by their rise through a layer of wetting 
liquid covering the sample. MPD is calculated by the pressure at the intersection of 
one-half dry-flow line and the wet flow line. Mercury intrusion porosimetry (MIP) is a 
well-known method that can be applied to porous materials because mercury with its 
high surface tension is forced into the pores of the samples. The amount of mercury 
uptake as a function of pressure allows one to calculate a pore size distribution.  
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3. Analysis for overpotential of FC operation mode  
When the operating current density (i) of a fuel cell mode is higher than zero, 
the cell voltage deviates from the open-circuit voltage and keeps decreasing due to cell 
polarization represented by the overpotential. Williams et al. [44] proposed an analysis 
technique to evaluate six sources of polarization for a PEMFC. In our present study, we 
summarize three types of overpotential; activation overpotential (ηact), concentration 
overpotential (ηconc), and ohmic overpotential (ηohm). Thus, the polarization curve of a 
fuel cell mode of URFC can be described analytically as  
[ ]cell OCV act conc ohmηηηV V= − + +                            (1) 
where Vcell is the cell voltage at a given i, and VOCV is the open-circuit voltage. 
The ohmic overpotential is determined by the ohmic resistance (Rcell) and i as 
follows: 
ohm cellη iR=      (2) 
Although Rcell is associated with total resistance of proton and/or electron transport of the 
cell, it mainly depends on the proton conductivity through the membrane. The proton 
conductivity actually depends on the humidification state of the membrane. In our study, 
Rcell was represented by the AC impedance of the cell measured by the FRA at 10kHz at 
each i. 
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In terms of ηact, the kinetic Tafel slope can be determined from the 
experimentally measured Vcell plotted against log i in the activation control portion. In 
our study, a range of V from 10-100mA/cm2 was chosen to obtain the kinetic-controlled 
Tafel slope because it is low enough that ηconc can be assumed negligible. Here, ηact can be 
expressed in terms of the Tafel slope and the exchange current density (i0) as follows; 
 act
0 0
2.3ln logRT i RT i
nF i nF i
η
α α
    ≈ =        
   (3) 
where α denotes the transfer coefficient, and [2.3RT/αF] is the Tafel slope. Here, i0 and 
Tafel slope were obtained using an iteration plotting method from the polarization 
curve in the range of 10-100mA/cm2.  
Finally, ηconc at each i was determined by substituting VOCV, ηact and ηohm into Eq, 
1. Theoretically, ηconc is associated with the gas transport resistance through the GDL 
and the ionomer film at not only the oxygen electrode but also the hydrogen electrode. 
However, ηconc at the hydrogen electrode (anode of an FC cell) is much smaller than that 
at the oxygen electrode and can therefore be considered negligible. 
 
4. Results and discussion 
The current-voltage (i-V) characteristics for both operation modes of a URFC 
were evaluated in this study by using a single cell with oxygen-side GDLs whose 
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substrates were either (1) Ti-felt that had different fiber diameter φ (20, 40, or 80μm), 
porosity ε (0.75 or 0.50), and with and without treatment with PTFE emulsion, or (2) 
carbon paper that had φ = 10μm, ε = 0.78, and with or without treatment with 10 
wt%.PTFE emulsion. 
 
4.1  Electrolysis performance 
During the electrolysis mode, because carbon paper cannot be used as the GDL 
of the oxygen electrode side, only cells with Ti-felt GDL for the oxygen side (U1-U6 cells 
in Table I) were used for the electrolysis performance test. Carbon paper GDL treated 
with 10 wt.% PTFE emulsion was used for the hydrogen electrode side in this 
performance test. Figure 5A shows the effect of PTFE content and porosity on the i-V 
characteristics during the electrolysis mode by plotting the i-V characteristics for the U1, 
U2, U3, and U6 cells. The mean pore diameter (MPD) of the Ti-felt used in U1 was 
about double that used in U6 (see Table 1), and the PTFE loading on the GDL substrate 
(U2) caused the slight decrease in MPD and the enhancement in hydrophobicity of the 
porous media. However, no noticeable difference was detected in the performance in 
these 4 cells (Fig. 5A). Figure 5B shows the effect of φ on the i-V characteristics during 
the electrolysis mode. In this figure, the i-V characteristics of U1 were re-plotted and 
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compared to those of U4 and U5, which differed in φ but were not treated with PTFE. In 
this comparison, the MPD of the Ti-felt substrate significantly increased with 
increasing φ from 45μm (in U1) to 207μm (in U5). The larger MPD was expected to 
enhance the transport of water supply to the electrode and reduce ηconc at high i (> 500 
mA/cm2). However, the i-V curves for U1 ( 20 mφ = µ ) reveals better performance for U1 
than for U4 ( 40 mφ = µ ) or U5 ( 80 mφ = µ ) even in this high i region, and the difference 
in V between U1 and U4/U5 is about 30mV at i = 0.93 A/cm2, whereas the difference in V 
between U4 and U5 is rather small (< 10 mV) at i = 1.0 A/cm2.  In the experimental 
results for the fuel cell mode discussed in the following section (4.2), there was no 
significant difference in cell impedance between U1 and U4/U5 at the same 
humidification condition (see Fig. 10). Impedance test result indicates that the 
difference in electrolysis performance was not caused by the difference in electrical 
conductance (ohmic overpotential ηohm) in the cell.  
Figure 6 shows the measured pore size distribution for the Ti-felt substrates 
used here (U1, U5, and U6). The pore diameters corresponding to the peaks in the 
differential volume measured using a mercury intrusion porosimeter (MIP) agree well 
with the MPD measured using a capillary flow porometry (CFP) at each respective 
substrate as listed in Table I. Both the MIP and CFP results show that the pore 
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diameter of Ti-felt in U5 was significantly larger than that in U1 due to large φ. When 
the sum of the shear force of the flow of liquid water and the buoyancy on a bubble 
(when the bubble diameter between 10 and 100μm) exceeds the surface adhesion 
between a bubble and the electrode surface, the bubble detaches from the electrode 
surface [45,46]. The detached bubbles grow by coalescence during diffusion through the 
GDL, and finally flow into the channel flow. In a previous experimental study using a 
PEM electrolyzer [47], we reported that the flow regime of circulating water in the 
channel affects the electrolysis performance. When the two-phase flow of the circulating 
water at the oxygen electrode is either slug or annular, mass transport of water for the 
anode reaction is degraded and the concentration overvoltage increases at higher i (> 
500 mA/cm2). A large pore diameter of a GDL substrate generates relatively large 
bubbles [48]. The bubble point diameters (BPD) of the Ti-felt used in U4 and U5 (Table 
I) were about 180 and 510μm, respectively. Because the GDLs used in our study had a 
large pore diameter (>100μm) that could generate large bubbles and because the flow 
velocity of liquid was relatively small (~0.03m/s) at the operating conditions for the 
electrolysis mode, bubble growth through the GDL must be significant compared to that 
through a GDL of small pore diameter (<50μm), and thus comparably large bubbles 
flow into the channel. According to the literature on two-phase flow [49, 50], the injected 
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bubble size strongly affects the transition from bubbly to slug flow. At slug flow, the 
bubbles grow by coalescence and, ultimately, they become of the same order of diameter 
as the channel and must hinder the supply of reactant water to the electrode surface at 
a certain degree. Consequently, the performance loss of electrolysis is caused by the 
rising concentration overvoltage from this insufficient water supply. The optimum pore 
size of the GDL in PEM electrolyzer obtained by Grigoriev et al. [36] is rather small 
(12-13μm). Although we could not obtain the optimum pore size of the GDL from the 
present experimental results, there are no difference of the electrolysis performance in 
the specific region of pore size (23-56μm).  
In these experiments, hydrogen production rate was measured using a 
soap-film meter. Although the hydrogen production rate was too small to be measured 
precisely when i < 200 mA cm-2, the Faraday efficiency was higher than 99.5% regardless 
of the type of Ti-felt GDL when i > 200 mA cm-2. 
 
4.2  Effect of humidification temperature on fuel cell performance  
Figure 7 shows the i-V characteristics of U1 during the fuel cell mode at various 
humidification temperatures of the gases (Tfuel) when the cell temperature (Tcell) was 
80°C. The Tfuel was the same for both hydrogen and air (between 60 to 80°C) and 
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controlled by a bubble humidifier. The curve for Tfuel = 80°C at i = 0.1~0.2A/cm2 and those 
for Tfuel = 60°C and Tfuel = 65°C at i =0.3~0.45A/cm2 show a rapid decrease in V. In contrast, 
the curves for Tfuel = 70°C and Tfuel = 75°C do not show such a rapid decrease, but rather a 
relatively good performance (as evidenced by a steady decrease) until a high i. Figure 8 
shows the three different overpotentials (ηact, ηconc, and ηohm) obtained from i-V curves of 
the U1 cell using the overpotential analysis method described in Section 3. The decrease 
in fuel cell performance at Tfuel = 80°C was caused by a rapid increase in ηconc (Fig. 8B). 
This increase in ηconc was caused by a common phenomenon of flooding in GDL due to 
both the high humidity and produced water that blocks the fuel distribution in pores of 
the oxygen-side GDL. When Tfuel = 60 and 65°C, the ηohm was relatively high (Fig. 8C) due 
to an increase in cell resistance caused by insufficient water supply to the membrane. 
Although ηact tended to increase with a decrease in Tfuel, the difference of ηact was 
relatively small (Fig. 8A). Comparison of the i-V (Fig. 7) and overpotential 
characteristics (Fig. 8) at Tfuel = 70 and 75°C reveals that the lower ηconc at Tfuel =70°C 
yielded better i-V characteristics than that at Tfuel =75°C. In contrast, ηohm at Tfuel =75°C 
was less than that at Tfuel =70°C (Fig. 8B, C). This reversal in ηconc and ηohm at Tfuel =70 
and 75°C indicates a optimum critical point of “dry” and “wet” conditions during the fuel 
cell mode, and thus, an optimum Tfuel in the range from 70 and 75°C.  
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Figure 9 shows i and ηact for cells with different GDLs of the oxygen electrode 
(Table I). When Tfuel was 70 or 75°C, the difference in ηact was small among these cells; 
the maximum difference was only 15 mV at i = 650 mA/cm2. Figure 10 shows i and ηohm 
for the same cells in Fig. 9. The difference in ηohm was small among these cells for either 
Tfuel of 70 and 75°C, including the cells using the carbon-paper GDL for the oxygen 
electrode (F1 and F2). The cell impedance was almost constant at the entire range of 
current densities, and was 0.148 Ωcm2 and 0.098 Ωcm2 at 70 and 75°C of Tfuel, 
respectively. The consistency of the cell impedance at each Tfuel indicates that the ηohm is 
an index of hydration state of the membrane and strongly depends on Tfuel, whereas the 
electrical resistance of the cell is insignificant. Because ηact and ηohm were the same at 
both temperatures regardless of the properties of the oxygen electrode GDL, in order to 
verify the relationship between the properties of the Ti-felt GDL and the fuel cell 
performance, we focused only on the i-V characteristics and ηconc at Tfuel = 70 and 75°C in 
the following analysis. 
 
4.3  Effect of PTFE content in GDL on fuel cell performance 
The effect of PTFE content in the GDL substrate of the oxygen electrode on fuel 
cell performance was evaluated here by analyzing the i-V characteristics and ηconc. 
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Figure 11 shows the i-V characteristics at Tfuel =70 and 75°C for the U1, U2 , and U3 cells 
fuel cells (Ti-felt GDL treated with 0, 10, or 20 wt.% PTFE emulsion, respectively), and 
for the F1 cell (carbon paper GDL without PTFE treatment). In contrast to the U1, U2, 
and U3 cells, the F1 cell could only be operated as a fuel cell of URFC because it 
contained carbon paper GDL in the oxygen side. Figure 11 shows that higher PTFE 
content in the GDL caused a noticeable degradation in cell performance at Tfuel=75 °C. 
Degradation was also observed at Tfuel=70°C, although it was relatively small. Figure 12 
compares the ηconc calculated from the i-V curves shown in Fig. 11. No significant 
difference in ηact and ηohm at the respective Tfuel (Figs. 9 and Fig. 10, respectively) 
indicates that the drastic drop in V was mainly due to the increase in ηconc. Moreover, the 
hydration state of the electrode (i.e., catalyst layer) can be assumed nearly equal to that 
of the membrane indicated by ηohm, the oxygen transport resistance through the ionomer 
film at the electrode must be almost the same at a given Tfuel. Thus, the diffrence in ηconc 
at the same Tfuel can be attributed to the difference in GDL properties. Generally, ηconc at 
Tfuel=75 °C was larger than that at Tfuel=70 °C, because the cell was relatively “wet” at 
Tfuel=75 °C, and the excess water hindered the mass transport of oxygen gas to the 
electrode surface. In addition, ηconc was higher at higher PTFE content in the Ti-felt 
GDL at the oxygen electrode, particularly at the wet condition when Tfuel=75 °C 
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compared with that at the dry condition when Tfuel=70 °C.  
Figure 13 shows effect of PTFE content on the fuel cell performance 
represented as the i-V characteristics at Tfuel =70 and 75°C for the F1 and F2 cells 
(carbon-paper GDL without and with treatment of 10 wt.% PTFE emulsion). Similiar to 
the results for Ti-felt (Fig. 11), the negative effect of PTFE loading on the carbon-paper 
GDL is clearly evident at Tfuel =75°C. 
The higher PTFE content was expected to enhance both the hydrophbicity of 
porous network and the discharge of liquid water from the electrode surface to the 
channel, and thus improve the fuel cell performance at high i ( > 400 mA/cm2). However, 
our result showed an opposite trend. Figure 14 shows the liquid saturation (s) – 
capillary pressure (Pc) curves of the PTFE treated and untreated GDL of Toray 090 
(without MPL) measured by Gostick et al. [34]. The negative capillary pressure during 
water withdrawal from the PTFE treated substrate was smaller than that from the 
untreated one, whereas the positive capillary pressure for water injection at PTFE 
treated substrate was larger than that at the untreated one. It reveals that the loading 
of hydrophobic agents gives to GDL substrate the effect of disturbing the water injection 
and the effect of promoting the water removal. In addition, note that the difference of Pc 
during injection is relatively large at “wet” condition in the saturation (s) range over 0.2. 
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Based on literature data [15,51], when we assume that the liquid saturation in the GDL 
substrate (s) lies in the range of 0.2-0.3 at the wet condition of Tfuel =75°C and in the 
range of 0.1-0.15 at the dry condition of Tfuel =70°C, the relation of Pc during injection 
and fuel cell performance can be deduced as follows. In the “wet” condition, PTFE 
treated GDL is much higher amount of work required for forcing water into the GDL 
from the catalyst layer than untreated one. Thus, the amount of residual water must be 
increased easily at the interface of the catalyst layer and the GDL and cause the 
degradation of fuel cell performance at higher current density (>400mAcm-2). On the 
other hand, small gap of capillary pressure for water injection in “dry” condition 
corresponds to the slight difference of fuel cell performance at Tfuel =70°C. Consequently, 
the negative effect of PTFE loading observed here could be explained by the effect of 
disturbing of water injection.  
Typically, a PEMFC uses a GDL coated with a microporous layer (MPL). When 
an MPL is added to the GDL, the gas permeability of MPL, is related to its morphology, 
governs the electrode performance, and the PTFE content in the macroporous layer 
(GDL substrate) does not signficantly affect the fuel cell performance[18, 30]. Several 
studies have focused on the effect of PTFE loading on the GDL substrate without an 
MPL [32,33]. Based on experimental results for a PEMFC using carbon-paper GDL 
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without an MPL, Park et al. [32] reported that a high PTFE content in the GDL hinders 
the discharge of liquid-phase water from the electrode to the flow channels. In our 
present study, an MPL was not added to the Ti-felt GDL, and thus the negative effect of 
PTFE loading on the Ti-felt GDL that we observed is consistent with the results 
reported by Park et al. for the carbon paper GDL of an PEMFC.  
  
4.4  Effect of fiber diameter of GDL on fuel cell performance 
The effect of fiber diameter φ of Ti-felt GDL on fuel cell performance was also 
evaluated based on i-V characteristics and ηconc analysis. Figure 15 shows polarization 
behavior for the U1, U4, and U5 cells, where Ti-felt GDL with φ  = 20, 40, and 80μm, 
respectively, was used for the oxygen electrode. (Each Ti-felt GDL had a porosity of 0.75 
and was not treated with PTFE.) At Tfuel=70°C, the i-V characteristics for the U1, U4, and 
U5 cells showed no significant difference. At Tfuel=75°C, the fuel cell performance 
improved with increasing φ , with U5 ( 80 mφ = µ ) showing the highest and most stable 
fuel cell performance. Figure 16 shows ηconc for U1, U4, and U5 at Tfuel=75°C. The ηconc for 
U5 was relatively low and stable up to a high i (>400 mA/cm2). The better i-V 
characteristics for U5 were mainly due to a lower ηconc. 
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4.5  Effect of GDL porosity on fuel cell performance 
The effect of porosity ε of Ti-felt GDL on fuel cell performance was evaluated 
based on the i-V characteristics and ηconc analysis. Figure 17 shows the polarization 
behavior for the U1 and U6 cells, in which Ti-felt GDLs with ε = 0.75 and 0.50, 
respectively, were used for the oxygen electrode. (Each Ti-felt GDL had the same φ  = 
20μm and was not treated with PTFE.) At Tfuel=70°C, the fuel cell performances of U1 
and U6 were almost the same. At Tfuel=75°C, however, a lower ε of Ti-felt GDL (U6, ε=0.50) 
yielded better performance compared to a higher ε (U1, ε=0.75). Figure 18 shows ηconc for 
U1 and U6 at Tfuel=75°C. Similar to the trend observed for φ  (Sec. 4.4), the better 
performance represented by the i-V characteristics for U6 was mainly due to a lower 
ηconc, that is, the cell with a GDL of lower ε showed a lower and less stable ηconc and 
exhibited better performance during fuel cell mode up to a high i (>400 mA/cm2) at wet 
conditions at Tfuel=75°C.  
 
4.6  Relation between Ti-felt properties and fuel cell performance 
As discussed in Sections 4.4 and 4.5, during fuel cell mode of an URFC at wet 
conditions at Tfuel=75°C, the cell equipped the Ti-felt GDL with larger φ (U5, 80μmφ = ) 
or lower ε (U6,  = 0.50ε ) shows better performance compared to the standard cell of U1 
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( 20μmφ =  and  = 0.75ε ). The lower ηconc of U5 and U6 (Figs. 16 and 18) apparently 
enhances the liquid water discharge in the high i at wet conditions. The Ti-felt GDL 
with larger φ of U5 has larger BPD and MPD than that of the standard cell of U1 (Table 
I). However, pore size cannot be correlated directly with the performance, because lower 
ε substrate of U6 has lower BPD and MPD than the standard cell of U1. Note that both 
of GDL substrates in U5 and U6 have relatively higher ratio of BPD/MPD (ζ) (2.5 and 
1.8) than that in U1(1.26), indicating a relatively broad distribution of pore size. This 
can be confirmed by the pore-size distribution obtained using the MIP as shown in Fig. 
6. In particular, the Ti-felt GDL in U6 showed a broad peak around 60~100μm in 
addition to the main peak at around 25μm, and the GDL in U5 also showed significantly 
broad distribution (70~500μm). Gostick et al. [31] studied the relation between water 
saturation in GDL and capillary pressure. They reported that the GDL saturation at 
water breakthrough is drastically reduced in the presence of a MPL, and, due to a crack 
or hole in the MPL, liquid water diffuses through a limited part of the GDL, leaving the 
dry path for gas transport. Thus, the large pores in the Ti-felt GDL of U5 and U6 
possibly have a similar effect as the small holes in MPL, that is, liquid water 
preferentially moves through the larger pore sites and a specific ratio of small pore sites 
is inaccessible to water and kept dry and suitable for the gas transport path (Fig. 19B). 
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When the GDL substrate has relatively uniform distribution as the case of U1, water 
percolation uniformly occurs over the entire pore network, when gas transport to the 
electrode is significantly hindered by the percolation (Fig. 19A). Consequently, it can be 
noted that the GDL substrates are characterized by the pore size distribution. 
 
4.7  Round -trip efficiency of URFC  
 The overall performance of a URFC during the electrolysis mode and fuel cell 
mode was evaluated here based on the round-trip efficiency (ηRT) for fuel cells with 
Ti-felt GDL with different φ  and ε used as the oxygen electrode. Figure 20 shows the i 
and ηRT for U1, U5, and U6 (as discussed in Sections 4.4 and 4.5). The ηRT discussed here 
was calculated from the efficiency of cell voltage during electrolysis (ηELY) and fuel cell 
(ηFC) at each i as follows;    
FC
RT ELY FC
ELY
( )( ) ( ) ( )
( )
V ii i i
V i
η = η ×η =                          （4) 
where VELY and VFC are the cell voltage at each i during electrolysis mode and fuel cell 
mode, respectively, and ELYη and FCη are defined in terms of the thermo-neutral voltage 
(Vtn) as follows: 
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where Vtn = 1.481V. When Tfuel=70°C, because the cell operation condition is relatively dry 
and the properties of GDL such as φ  and ε do not significantly affect either ηconc or the 
i-V  performance during fuel cell mode, ηRT does not significantly differ among the three 
fuel cells (U1, U5, and U6). When Tfuel=75°C, however, U5, which showed the lowest ηconc 
during the fuel cell mode, exhibited the highest ηRT despite a loss of about 30mV in the 
electrolysis mode (Sec. 4.1). The ηRT for U6 was higher than that for U1 but lower than 
that for U5 at high i (> 400 mA/cm2). The ηRT of U1, U5, and U6 at i = 740 mA/cm2 was 28, 
34, and 33%, respectively, when Tfuel=75°C, and the ηRT of U5 when Tfuel=75°C was the 
highest among all cells and conditions, including when Tfuel=70°C. 
 
5. Conclusions 
   In this study, the effect of the properties of a Ti-felt GDLs on the liquid water 
and oxygen gas transport in the oxygen electrode of a URFC were evaluated using 
Ti-felts of different structural properties (porosity and fiber diameter) and PTFE 
content. The cell performances for both the fuel cell and electrolysis operating modes 
were evaluated based on the i-V characteristics and the analysis of overpotentials. 
Based on our results, conclusions about relation between the properties of Ti-felt GDLs 
and the cell performance are as follows: 
31 
 
 When the fiber diameter of the Ti-felt GDL of the oxygen electrode is as small as 20 
μm, cell performance is not noticeably affected by a change in either the PTFE 
content in the GDL or porosity. 
URFC in electrolysis mode 
 When the fiber diameter of the Ti-felt GDL of the oxygen electrode is large as 40- 
80μm, the cell performance is degraded at a high current density compared to a 
standard cell that has Ti-felt with a fiber diameter of 20μm.  
 The ohmic overpotential depends only on the humidification temperature (relative 
humidity) of gas regardless of the properties of the GDL substrate. Thus, the cell 
performance at each respective humidification temperature is mainly determined 
by the concentration overpotential.  
URFC in fuel cell mode 
 When the humidification temperature (Tfuel) is relatively low at 70°C and the 
operation condition is dry during fuel cell mode, the properties of GDL do not 
significantly affect either the concentration overpotential or i-V characteristics.  
 When the Tfuel is relatively high at 75°C and the operation condition is wet, PTFE 
treatment for the oxygen-electrode GDL brings negative effect to the mass 
transport of liquid and gas. On the other hand, Ti-felts with larger fiber diameter or 
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lower porosity are excellent, because the ununiformity of the pore size distribution 
of these substrates must cause positive effect for the mass transport. 
 When the cell temperature is 80°C for both the fuel cell and electrolysis modes, the 
cell with Ti-felt GDL of large fiber diameter (80μm) has the highest round-trip 
efficiency due to excellent fuel cell operation under high-humidity conditions (Tfuel 
=75°C) despite degradation in performance in the electrolysis mode. 
Round–trip efficiency of a URFC 
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Figure captions 
 
Figure 1.  Schematic of a URFC with single-cell structure. 
 
Figure 2.  SEM images of (A) carbon-paper (Toray 090) and (B) Ti-felt (Bekinit) used 
for the GDL substrates. Ti-felt had a fiber diameter of 20μm and porosity of 0.75. 
 
Figure 3. Relation between PTFE concentration in emulsion and amount of PTFE 
loaded on GDL substrates of Ti-felt and carbon paper. 
 
Figure 4. Polarization curves and overpotential separation into activation overpotential 
(ηact), ohmic overpotential (ηohm), and concentration overpotential (ηconc), during fuel cell 
mode for a Ti-felt GDL of the oxygen electrode without PTFE treatment. 
 
Figure 5. Current density (i) and voltage (V) characteristics during electrolysis mode. 
(A) Effect of PTFE content and porosity of Ti-felt GDL (ε) for the oxygen electrode with 
U1 (without PTFE treatment, ε=0.75), U2 (treated with 10wt% PTFE emulsion, ε=0.75), 
U3 (treated with 20wt% PTFE emulsion, ε=0.75), and U6 (without PTFE treatment, 
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ε=0.50) cells, and (B) effect of fiber diameter (φ ) of Ti-felt GDL without PTFE treatment 
with U1 ( 20 mφ = µ ), U4 ( 40 mφ = µ ), and U6 ( 80 mφ = µ ) cells, cell temperature (Tcell) 
was 80°C. 
 
Figure 6. Pore volume distribution in Ti-felt GDL substrates used in U1, U5, and U6 
represented by pore diameter and logarithm of the differential volume ( / log( )dV d d= ) 
measured using a mercury intrusion porosimeter (MIP). 
 
Figure 7. Effect of humidification temperature (Tfuel) of gases (H2 and air) on current 
density (i) and voltage (V) characteristics during fuel cell mode of the U1 cell.  In the 
U1 cell, the hydrogen-side GDL was carbon paper treated with 10 wt% PTFE, and the 
oxygen-side GDL was Ti-felt without PTFE treatment. Cell temperature (Tcell) was 80°C. 
 
Figure 8. Effect of humidification temperature (Tfuel) on current density (i) and 
overpotential characteristics for (A) activation overpotential (ηact), (B) concentration 
overpotential (ηconc), and (C) ohmic overpotential (ηohm) during fuel cell mode with U1 cell. 
Cell temperature (Tfuel) was 80°C. 
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Figure 9. Current density (i) - activation overpotential (ηact) characteristics during fuel 
cell mode for U1~U6 and F1 and F2 cells at humidification temperature (Tfuel) of 70 and 
75°C. Cell temperature (Tcell) was 80°C. 
 
Figure 10. Current density (i) - ohmic overpotential (ηohm) characteristics during fuel cell 
mode for U1~U6 and F1 and F2 cells at humidification temperature (Tfuel) of 70 and 
75°C. Cell temperature (Tcell) was 80°C. 
 
 
Figure 11. Effect of PTFE content in Ti-felt GDL substrates of the oxygen electrode on 
current density (i) - voltage (V) characteristics during fuel cell mode for U1, U2, and U3 
cells at humidification temperature (Tfuel) of (A) 70°C and (B) 75°C. The Ti-felt GDL in 
U1 is not treated with PTFE, and the Ti-felt in U2 and U3 is treated with PTFE 
emulsion of 10 (U2) and 20 wt% (U3) concentration, respectively. Cell temperature (Tcell) 
was 80°C. F1 cell is also plotted for reference. 
 
Figure 12. Effect of PTFE content in Ti-felt GDL substrates of the oxygen electrode on 
current density (i) - concentration overpotential (ηconc) characteristics during fuel cell 
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mode for U1, U2, U3, and F1 cells at humidification temperature (Tfuel)  of 70 and 75°C. 
Cell temperature (Tcell) was 80°C. ηconc was calculated from the i-V data shown in Fig. 11. 
 
Figure 13. Effect of PTFE content in carbon-paper GDL substrates of the oxygen 
electrode on current density (i) - voltage (V) characteristics during fuel cell mode for F1 
and F2 cells at humidification temperature (Tfuel) of (A) 70°C and (B) 75°C, The carbon 
paper GDL of the oxygen electrode is not treated with PTFE in F1, and the one is treated 
with 10wt.% PTFE emulsion in F2.when the cell temperature is 80°C. 
 
Figure 14. Liquid water saturation (s) versus capillary pressure (Pc) characteristics with 
the Toray 090 substrate presented by Gostick et al. [34], (–○–) : Toray 090 without PTFE 
treatment. (–■–) : Toray 090 with PTFE 20wt.%. 
 
 
Figure 15. Effect of fiber diameter (φ) of the Ti-felt GDL of the oxygen electrode on the 
current density (i) - voltage (V) characteristics during fuel cell mode for U1, U4, and U5 
cells (with no PTFE treatment) at humidification temperature (Tfuel) of (A) 70°C and (B) 
75°C. Cell temperature (Tcell) was 80°C.  
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Figure 16. Effect of fiber diameter (φ) of the Ti-felt GDL of the oxygen electrode on the 
current density (i) - concentration overpotential (ηconc) characteristics during fuel cell 
mode for U1, U4, and U5 cells (with no PTFE treatment) at humidification temperature 
(Tfuel) of 75°C. Cell temperature (Tcell) was 80°C. ηconc was calculated from the i-V data 
shown in Fig. 15(B). 
 
Figure 17. Effect of porosity (ε) of the Ti-felt GDL of the oxygen electrode on the current 
density (i) - voltage (V) characteristics during fuel cell mode for U1 and U6 cells at 
humidification temperature (Tfuel) of (A) 70°C and (B) 75°C. Cell temperature (Tcell) was 
80°C. The Ti-felt GDLs were not treated with PTFE, and had fiber diameter (φ) of 20μm. 
 
Figure 18. Effect of porosity (ε) of the Ti-felt GDL of the oxygen electrode on the current 
density (i) - concentration overpotential (ηconc) characteristics during fuel cell mode for 
U1 and U6 cells at humidification temperature (Tfuel) of 75°C. Cell temperature (Tcell) 
was 80°C. ηconc was calculated from the i-V data shown in Fig. 17(B). 
 
Figure 19. Schematic of liquid water and air transport for different Ti-felt GDL 
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substrates (A) with uniform pore distribution structure as in U1 (B) with ununiform 
pore distribution pore distribution as in U4, U5, and U6. 
 
Figure 20. Effect of fiber diameter (φ) and porosity (ε) of Ti-felt GDLs on the current 
density (i) and round-trip efficiency (ηRT) during electrolysis and fuel cell modes for U1, 
U5, and U6 cells at humidification temperature (Tfuel) of (A) 70 and (B) 75°C. Cell 
temperature (Tcell) was 80°C. 
 
Table I.  GDL properties at the oxygen electrode for the URFC performance test a). 
 
Table II.  Operating conditions of URFC during electrolysis and fuel cell modes. 
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Figure 1.  Schematic of a URFC with single-cell structure. 
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Figure 2.  SEM images of (A) carbon-paper (Toray 090) and (B) Ti-felt (Bekinit) used 
for the GDL substrates. Ti-felt had a fiber diameter of 20μm and porosity of 0.75. 
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Figure 3. Relation between PTFE concentration in emulsion and amount of PTFE 
loaded on GDL substrates of Ti-felt and carbon paper. 
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Figure 4. Polarization curves and overpotential separation into activation 
overpotential (ηact), ohmic overpotential (ηohm), and concentration overpotential (ηconc), 
during fuel cell mode for a Ti-felt GDL of the oxygen electrode without PTFE 
treatment. 
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Figure 5. Current density (i) and voltage (V) characteristics during electrolysis mode. 
(A) Effect of PTFE content and porosity of Ti-felt GDL (ε) for the oxygen electrode with 
U1 (without PTFE treatment, ε=0.75), U2 (treated with 10wt% PTFE emulsion, 
ε=0.75), U3 (treated with 20wt% PTFE emulsion, ε=0.75), and U6 (without PTFE 
treatment, ε=0.50) cells, and (B) effect of fiber diameter ( φ ) of Ti-felt GDL without 
PTFE treatment with U1 ( 20 mφ = µ ), U4 ( 40 mφ = µ ), and U6 ( 80 mφ = µ ) cells, cell 
temperature (Tcell) was 80°C. 
Figure 6 
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Figure 6. Pore volume distribution in Ti-felt GDL substrates used in U1, U5, and U6 
represented by pore diameter and logarithm of the differential volume 
( / log( )dV d d= ) measured using a mercury intrusion porosimeter (MIP). 
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Figure 7. Effect of humidification temperature (Tfuel) of gases (H2 and air) on current 
density (i) and voltage (V) characteristics during fuel cell mode of the U1 cell.  In the 
U1 cell, the hydrogen-side GDL was carbon paper treated with 10 wt% PTFE, and the 
oxygen-side GDL was Ti-felt without PTFE treatment. Cell temperature (Tcell) was 
80°C. 
Figure 8  
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Figure 8. Effect of humidification temperature (Tfuel) on current density (i) and 
overpotential characteristics for (A) activation overpotential (ηact), (B) concentration 
overpotential (ηconc), and (C) ohmic overpotential (ηohm) during fuel cell mode with U1 
cell. Cell temperature (Tfuel) was 80°C. 
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Figure 9. Current density (i) - activation overpotential (ηact) characteristics during fuel 
cell mode for U1~U6 and F1 and F2 cells at humidification temperature (Tfuel) of 70 
and 75°C. Cell temperature (Tcell) was 80°C. 
Figure 10 
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Figure 10. Current density (i) - ohmic overpotential (ηohm) characteristics during fuel 
cell mode for U1~U6 and F1 and F2 cells at humidification temperature (Tfuel) of 70 
and 75°C. Cell temperature (Tcell) was 80°C. 
Figure 11 
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Figure 11. Effect of PTFE content in Ti-felt GDL substrates of the oxygen electrode on 
current density (i) - voltage (V) characteristics during fuel cell mode for U1, U2, and 
U3 cells at humidification temperature (Tfuel) of (A) 70°C and (B) 75°C. The Ti-felt 
GDL in U1 is not treated with PTFE, and the Ti-felt in U2 and U3 is treated with 
PTFE emulsion of 10 (U2) and 20 wt% (U3) concentration, respectively. Cell 
temperature (Tcell) was 80°C. F1 cell is also plotted for reference. 
Figure 12  
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Figure 12. Effect of PTFE content in Ti-felt GDL substrates of the oxygen electrode on 
current density (i) - concentration overpotential (ηconc) characteristics during fuel cell 
mode for U1, U2, U3, and F1 cells at humidification temperature (Tfuel)  of 70 and 
75°C. Cell temperature (Tcell) was 80°C. ηconc was calculated from the i-V data shown in 
Fig. 11. 
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Figure 13. Effect of PTFE content in carbon-paper GDL substrates of the oxygen 
electrode on current density (i) - voltage (V) characteristics during fuel cell mode for F1 
and F2 cells at humidification temperature (Tfuel) of (A) 70°C and (B) 75°C, The carbon 
paper GDL of the oxygen electrode is not treated with PTFE in F1, and the one is 
treated with 10wt.% PTFE emulsion in F2.when the cell temperature is 80°C. 
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Figure 14. Liquid water saturation (s) versus capillary pressure (Pc) characteristics 
with the Toray 090 substrate presented by Gostick et al. [34], (–○–) : Toray 090 without 
PTFE treatment. (–■–) : Toray 090 with PTFE 20wt.%. 
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Figure 15. Effect of fiber diameter (φ) of the Ti-felt GDL of the oxygen electrode on the 
current density (i) - voltage (V) characteristics during fuel cell mode for U1, U4, and 
U5 cells (with no PTFE treatment) at humidification temperature (Tfuel) of (A) 70°C 
and (B) 75°C. Cell temperature (Tcell) was 80°C.  
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Figure 16. Effect of fiber diameter (φ) of the Ti-felt GDL of the oxygen electrode on the 
current density (i) - concentration overpotential (ηconc) characteristics during fuel cell 
mode for U1, U4, and U5 cells (with no PTFE treatment) at humidification 
temperature (Tfuel) of 75°C. Cell temperature (Tcell) was 80°C. ηconc was calculated from 
the i-V data shown in Fig. 15(B). 
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Figure 17. Effect of porosity (ε) of the Ti-felt GDL of the oxygen electrode on the 
current density (i) - voltage (V) characteristics during fuel cell mode for U1 and U6 
cells at humidification temperature (Tfuel) of (A) 70°C and (B) 75°C. Cell temperature 
(Tcell) was 80°C. The Ti-felt GDLs were not treated with PTFE, and had fiber diameter 
(φ) of 20μm. 
Figure 18 
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Figure 18. Effect of porosity (ε) of the Ti-felt GDL of the oxygen electrode on the 
current density (i) - concentration overpotential (ηconc) characteristics during fuel cell 
mode for U1 and U6 cells at humidification temperature (Tfuel) of 75°C. Cell 
temperature (Tcell) was 80°C. ηconc was calculated from the i-V data shown in Fig. 17(B). 
Figure 19 
 
 
 
 
 
 
Figure 19. Schematic of liquid water and air transport for different Ti-felt GDL 
substrates (A) with uniform pore distribution structure as in U1 (B) with ununiform 
pore distribution pore distribution as in U4, U5, and U6. 
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Figure 20. Effect of fiber diameter (φ) and porosity (ε) of Ti-felt GDLs on the current 
density (i) and round-trip efficiency (ηRT) during electrolysis and fuel cell modes for U1, 
U5, and U6 cells at humidification temperature (Tfuel) of (A) 70 and (B) 75°C. Cell 
temperature (Tcell) was 80°C. 
 
 
 
Table I.  GDL properties at the oxygen electrode for the URFC performance test a). 
 
Cell b) 
GDL(O2 side) 
substrate 
Fiber diameter 
of substrate( φ ) 
Porosity (ε) PTFE loading 
Bubble point 
diameter (BPD) c) 
Mean pore 
diameter (MPD)c) 
BPD/MPD (ζ) 
    [μm]   [wt.% in emulsion] [μm] [μm]  
U1  Ti-felt 20 0.75  - 56.7 45.0 1.26 
U2  Ti-felt 20 0.75  10% 45.9 36.4 1.26 
U3  Ti-felt 20 0.75  20% - -  
U4  Ti-felt 40 0.75  - 178.0 93.4 1.91 
U5  Ti-felt 80 0.75  - 511.7 207.4 2.47 
U6  Ti-felt 20 0.50  - 40.9 23.3 1.76 
F1  Carbon paper 10 d) 0.78  - 30.1 26.4 1.14 
F2  Carbon paper 10 d) 0.78  10% - -  
a) Carbon paper GDL coated with PTFE (10wt% emulsion) is commonly used for the hydrogen-side GDL.  
b) “U” indicates a URFC that can be operated as both fuel cell and electrolyzer, and “F” indicates an FC that can be operated only as a 
fuel cell. 
 
c) Measured with permeability test apparatus using the bubble point technique.  
d) Estimated value based on SEM images.  
 
Table II.   Operating conditions of URFC during electrolysis and fuel cell modes. 
 
  Hydrogen electrode Oxygen electrode 
Electrolysis operation mode Cathode Anode 
Cell temperature (Tcell) 80 °C 
Flow rate of circulating water  50 ml/min 50 ml/min 
Gas pressure Atmospheric 
Fuel cell operation mode Anode Cathode 
Cell temperature (Tcell) 80 °C 
Stoichiometric ratio of gas 1.43 2.50  
Gas pressure Atmospheric 
 
 
